The dynamic Starling mechanism, as assessed by beatby-beat changes in stroke volume and left ventricular end-diastolic pressure, reflects ventricular-arterial coupling. It deteriorates with age, and is preserved in highly trained masters athletes. Currently, it remains unclear how much exercise over a lifetime is necessary to preserve efficient ventricular-arterial coupling. The purpose of this study was to assess the dose-dependent relationship between lifelong exercise training and the dynamic Starling mechanism in healthy seniors.
A
ging increases the risk of cardiovascular disease 1, 2 and stiffens the left ventricle (LV) and central large arteries. 3, 4 We have previously demonstrated in competitive Masters athletes that very high levels of exercise training preserves LV compliance and attenuates age-related arterial stiffening. 5, 6 We have also shown recently that 4 to 5 sessions per week of exercise (1 session: ≥30 minutes) performed over a lifetime (eg, >25 years) prevents the age-related decrease in LV compliance and distensibility associated with sedentary aging in well-characterized healthy seniors. 7 However, 1 year of vigorous endurance training started later in life failed to improve LV or arterial compliance 8, 9 or substantively improve ventricular-arterial coupling. 10, 11 Therefore, these findings suggest that lifelong endurance training may be necessary to prevent a loss of LV compliance and distensibility as well as central arterial stiffening in older adults. 7, 10, 12 The Starling mechanism represents the fundamental interaction between the LV and stroke volume (SV) in which changes in LV volume (or pressure) cause simultaneous alterations in SV. 13 Concurrent with respiration, beat-by-beat fluctuations in intrathoracic pressure and LV end-diastolic pressure (LVEDP) cause synchronous changes in SV. Using these respiratory-induced dynamic fluctuations in LVEDP and SV, we developed a novel method to assess the dynamic Starling mechanism using transfer function analysis 12 by which the linear relation between the beat-by-beat changes in LVEDP (input) and SV (output) can be determined during controlled breathing. Physiologically, the dynamic Starling mechanism estimated by transfer function gain and coherence reflects time-varying ventricular-arterial coupling which describes the integrated effect of increased LV diastolic stiffness and aortic stiffness. 10, 12 Using this technique to assess the dynamic Starling mechanism, our group reported that ventricular-arterial coupling is impaired by advancing age and preserved by lifelong competitive endurance training. 10 However, it remains unknown how much aerobic exercise training over a lifetime is sufficient to preserve this critical function. Therefore, the purpose of this study was to assess the dose-response relationship between lifelong exercise training and the dynamic Starling mechanism in older adults. We hypothesized that the dynamic Starling mechanism is improved with an increasing dose (frequency) of lifelong exercise training.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Subjects
Data for 102 subjects (>64 years of age) were obtained from Cooper Center Longitudinal Study (CCLS, Cooper Clinic, Dallas) which includes a cohort of >80 000 individuals who have a well-characterized history of physical activity and cardiovascular disease and risk factors for >40 years as previously reported. 7, 11 Subjects were stratified into 1 of 4 groups based on their lifelong histories of endurance training. 7, 11 Sedentary subjects (n = 27) exercised no more than once a week; casual exercisers (n = 25) engaged in 2 to 3 sessions per week; committed exercisers (n = 25) performed 4 to 5 sessions per week; and competitive Masters level athletes (n = 25) trained 6 to 7 times per week and participated in regular competitions sponsored by US Masters organizations during the previous 25 years. Exercise sessions were defined as periods of dynamic activity lasting ≥ 30 minutes.
The detailed patient characteristics, recruitment process, and demographics of this population have been described previously. 7, 11, 14 However, in brief, using the CCLS database, investigators identified healthy subjects who had consistently reported the same level of regular exercise on clinic questionnaires over multiple visits spanning ≥20 years. At each clinic examination participants were asked to report the average number of sessions per week and the average amount of time per session spent in brisk walking, jogging, or running activities during the 3 months preceding their clinic examination. The reliability and validity characteristics of this questionnaire is similar to other physical activity questionnaires used in epidemiological research. 15, 16 Interested subjects underwent a comprehensive exercise history examination conducted by an experienced exercise physiologist and assisted by family members when possible. If exercise histories could be corroborated, subjects were invited to participate in the next phase of screening. The sedentary population was enriched with subjects recruited from local senior groups such as bingo, gardening, volunteer groups, and health fairs (most subjects in this
Clinical Perspective
What Is New?
• The optimal dose of lifelong endurance exercise appears to be ≥4-5 sessions per week or more, which appears to prevent the impairment of the dynamic Starling mechanism with aging.
• The sufficient lifelong endurance exercise is effective for maintaining the normal dynamic Starling mechanism, left ventricular compliance, and arterial compliance with aging, which may lead to favorable effects on cardiovascular stiffness or function.
What Are the Clinical Implications?
• With a higher prevalence of heart failure with preserved ejection fraction in the elderly population, lifelong exercise training may represent an effective strategy for preventing heart failure with preserved ejection fraction pathogenesis by mitigating vascular stiffing, left ventricular compliance, and distensibility related with advanced aging. 
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group came from non-Cooper Clinic sources). The Masters athlete population was enriched by direct recruitment from the top performers (10% to 15%) at regional and national endurance events 5 with most selected from race results. Regardless of the source of referral, however, all subjects were equally well vetted and rigorously screened in terms of medical history, physical examination, and detailed exercise training history.
All recruited subjects underwent the following screening protocol. First, a medical history and physical examination were recorded by a study physician or nurse. Obesity (body mass index >30 kg/m 2 ), regular tobacco use within the past 10 years, hypertension (24=hour ambulatory blood pressure >140/90 mm Hg), diabetes mellitus, chronic obstructive pulmonary disease, atrial fibrillation, obstructive coronary artery disease, or significant valvular disease were exclusion criteria. Second, an exercise stress test was performed on all subjects, with ECG or echocardiography changes suggestive of ischemia or abnormal wall motion criteria for exclusion.
The experimental procedures were explained to each subject, and informed consent was obtained as approved by the Institutional Review Boards of the University of Texas Southwestern Medical Center and Texas Health Presbyterian Hospital Dallas. All procedures conformed to the standards set by the Declaration of Helsinki.
Peak Oxygen Uptake
A modified Astrand-Saltin incremental treadmill protocol was used to determine peak oxygen uptake (Vo 2 ) in all subjects. 7, 17 Measurements of ventilatory gas exchange were made using the Douglas bag technique. Gas fractions were analyzed by mass spectrometry and ventilatory volume was measured with a Tissot spirometer. The mass spectrometer was calibrated against fixed gasses of known concentrations before every test. Peak Vo 2 was defined as the highest Vo 2 measured from a ≥ 40-second Douglas bag.
Static Hemodynamics
The subjects were asked to refrain from heavy exercise and caffeinated or alcoholic beverages for ≥24 hours before study visit. All experiments were performed in the morning ≥2 hours after a light breakfast in a quiet environmentally controlled laboratory with an ambient temperature of 25°C. A 6-F balloon-tipped, fluid filled catheter (Swan-Ganz catheter, Baxter) was placed through an antecubital vein into the pulmonary artery using fluoroscopic guidance. Pulmonary artery and right atrial pressures were referenced to atmospheric pressure, with the pressure transducer (Transpac IV, Abbott) zero reference point set at 5.0 cm below the sternal angle. The wedge position of the Swan-Ganz catheter tip was confirmed using fluoroscopy and by the presence of an appropriate pulmonary artery wedge pressure (PAWP) waveform. The static mean PAWP and right atrial pressure were determined from 3 measurements obtained visually at end expiration, as previously described. 7 Cardiac output was measured with the C 2 H 2 rebreathing method. 18 Heart rate was monitored continuously via an ECG, and SV was calculated from the cardiac output divided by heart rate. Blood pressure was measured at the brachial artery by ECG-gated electrosphygmomanometry (Tango; SunTech Medical) during cardiac output measurements. For all subjects, a transthoracic echocardiogram was obtained using an iE33 echocardiograph (Philips Medical Systems, Andover, MA). Apical 4-chamber views were used to make each measurement. LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV), and LV mass were determined using a modified Simpson method. All images were evaluated off line by a blinded well-experienced sonographer as reported previously.
19,20

Dynamic Hemodynamics
Pulmonary artery diastolic (PAD) pressure was used as a surrogate of LVEDP to avoid the risks associated with prolonged balloon inflation. 21 Finger photoplethysmography (Portapres, FMS, Amsterdam, The Netherlands) was used to measure arterial blood pressure continuously, with beat-to-beat SV calculated from the Model-flow method (Beat-Scope, FMS, Amsterdam, The Netherlands). 22 After confirmation of hemodynamic stability, subjects were asked to breathe at a controlled frequency (0.2 Hz: 12 breaths/min) by following a moving cursor displayed on a computer for 8 minutes while beat-to-beat PAD and SV index are collected. The last 6 minutes of data were used for the transfer function analysis.
Transfer Function Analysis
Pulmonary artery pressure and arterial pressure waveforms were digitized through 16-bit analog to digital conversion, and stored in a laboratory computer at 200 Hz. Beat-to-beat Model-flow SV was calculated from the finger arterial pressure waveform as previously described. 10, 12 For transfer function analysis, beat-to-beat PAD and SV index were linearly interpolated and resampled at 2 Hz for spectral analysis. Fast Fourier transforms were implemented with each Hanning-windowed data segment. The minimal spectral resolution in the frequency domain is 0.0078125 Hz. Transfer function analysis between PAD and SV index, similar to the relation between input and output in a linear black-box model, was applied to obtain gain and coherence as previously described. 23, 24 The dynamic Starling mechanism gain reflects the amplitude relationship between the changes in PAD (input) and SV index (output). In other words, the dynamic Starling mechanism gain is similar conceptually to the slope of a linear regression.
The reliability of the linear transfer function was evaluated by estimates of coherence, which ranges between 0 and 1. The coherence quantifies the linearity of the linear relationship between the input and output at each frequency. The coherence is similar conceptually to the R 2 value in a linear regression. Mean values of the dynamic Starling mechanism gain and coherence were calculated in the respiratory range (0.188-0.211 Hz), and averaged for all subjects in each group. 10, 12 The power spectral density (PSD) of the input variable (PAD) and output variable (SV index) of the dynamic Starling mechanism was calculated by integrating the corresponding auto-spectra in respiratory range (0.188-0.211 Hz). The transfer function analysis was performed by computer software (DADiSP 6.0, DSP development Corporation, Newton, MA). 
Pulse Wave Velocity
Carotid-femoral pulse wave velocity (cf-PWV) was measured using the SphygmoCor mm 3 system (AtCor Medical, Sydney, Australia) as reported previously. 11 The cf-PWV was determined by recording the pressure waveform at the carotid and femoral arteries using a high-fidelity micromanometer (Millar Instruments, Houston, TX) and calculating the distance between the recording sites divided by the time delay between the carotid and femoral pulse waves. The distance was measured on the body surface from the suprasternal notch to the carotid recording site and from the suprasternal notch to the femoral recording site.
Data Analysis
LVEDV, LVESV, LV mass, cardiac output, SV, and effective arterial elastance (Ea) were indexed to body surface area. As previously reported, 3, 7, 25 a constant for LV chamber stiffness (the stiffness being the inverse of compliance) was modeled using commercially statistical software (SigmaPlot version 11.0, Systat Software Inc, Chicago, IL), which uses an iterative technique to solve the following exponential equation: P = s · {exp [a (V -V0)] -1}, where "P" is PAWP, "a" is the constant that characterizes the chamber stiffness, "s" is pressure asymptote of the curve, "V" is LVEDV index, "V0" is unstressed or equilibrium volume of LV (the LV assumption volume at which P=0 mm Hg).
Statistical Analysis
Numeric data are reported as mean±SD. Data were analyzed by Kruskal-Wallis analysis of variance (nonparametric ANOVA) with Wilcoxon signed ranks test for multiple comparisons. P< 0.05 was considered statistically significant. Spearman's correlation was used to examine simple correlations. Statistical analysis was performed by computer software (JMP 11.0, SAS Institute Inc., Cary, NC).
RESULTS
Baseline Characteristics
The baseline characteristics are shown in Table 1 and have been reported previously for this cohort. 7 The groups were well-matched for age, sex, height, and hematocrit. The competitive exercisers had lower body mass index than all other groups and smaller body weight than the sedentary group and casual exercisers. There was a dose-response effect of regular exercise which yielded a progressively increasing peak Vo 2 by group, confirming the ability to differentiate meaningful increments in training stimulus.
Resting systolic and diastolic blood pressure, cardiac index, right atrial pressure, PAWP, and LVEF were similar among the 4 groups ( Table 2) . Heart rate at rest was lower in the committed and competitive exercisers than in the sedentary group and casual exercisers. LVEDV index, LVESV index, SV index, and SW index were greater in competitive exercisers than all other groups ( Table 2) . LV mass index was larger in competitive exercisers than sedentary subjects and casual exercisers. Figure 1 shows transfer function gain and coherence as well as PSD of PAD and SV index over the entire frequency range. As intended by controlled breathing, the coherence peaked at the respiratory frequency of 0.2 Hz in all groups. The transfer function gain of PAD-SV index relation exhibited a dose-dependent association with exercise training levels: competitive > committed > casual exercisers > sedentary group (Figure 2A) . The mean coherence was greater than 0.75 in all 4 groups ( Figure 2B ), confirming the validity of the transfer function gain estimation. PSD of PAD (the input signal of the dynamic Starling mechanism) was higher in the sedentary group than in the committed and competitive exercisers (Figure 3A) . Conversely, PSD of SV index (the output signal of the dynamic Starling mechanism) was greater in competitive exercisers than in all other groups ( Figure 3B ).
Dynamic Starling Mechanism
Ventricular-Vascular Function
LV stiffness and transmural stiffness index in competitive exercisers were smaller than all other groups (Table 3) , as previously reported. 7 There were no differences in car- 
DISCUSSION
The primary findings of the present study are 2-fold:
(1) lifelong endurance training improves the dynamic Starling mechanism in a dose-dependent manner, as assessed by the time-varying relation between LV filling pressure and SV; (2) committed levels of aerobic activity (>4-5 sessions per week with each session lasting for >30 minutes) are required to prevent or slow agerelated impairment of the dynamic Starling mechanism. These findings suggest that lifelong exercise training can prevent the deterioration of the dynamic Starling mechanism with aging. Therefore, the optimal dose of lifelong endurance exercise appears to be at least 4 to 5 sessions per week or more, which may prevent impairment of the ventricular-arterial coupling associated with advancing age.
Lifelong Exercise and Dynamic Starling Mechanism
To our knowledge, this is the first study to demonstrate the impact of lifelong exercise training on the dynamic Starling mechanism as assessed by transfer function analysis, a tool to quantify the time-varying hemodynamic relation between input and output signals using a linear model system. Because the end-diastolic pressure-volume relationship and the end-systolic pressure-volume relationship interact with each other within a cardiac cycle, it is difficult to calculate the beat-to-beat nature of ventricular-arterial coupling and to distinguish simultaneously the primary changes of either end-diastolic pressure-volume relationship or end-systolic pressure-volume relationship from the secondary changes that occur from their interdependence 
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in the static state and the time domain. However, transfer function analysis in the frequency domain, like this study, enables the quantification of dynamic changes in hemodynamics between PAD (input) and SV (output) on a beat-by-beat and breath-by-breath basis. Moreover, because the dynamic Starling mechanism reflects time-varying ventricular-arterial stiffness, this transfer function gain can provide an index of this integrated feature of ventricular-arterial coupling.
In the present study, transfer function gain of the PAD-SV index relation increased with cumulative dose of lifelong exercise training (Figure 2A) . Intriguingly, the PSD of PAD (input variability of the dynamic Starling mechanism) was decreased with increasing training dose ( Figure 3A) , whereas the PSD of SV index (output variability of the dynamic Starling mechanism) was increased with exercise training ( Figure 3B ). The elevated PSD of PAD in the most sedentary group is consistent with the known decrease in LV compliance and distensibility in sedentary subjects. We have previously reported that 1 year of vigorous exercise training did not appear to favorably reverse LV stiffening in sedentary seniors. 9 However, in this study, vigorous lifelong exercise can prevent the decreasing dynamic Starling mechanism with ageing, representing the impairment of the ventricular-arterial coupling. Moreover, the PSD of SV index (output variability of the dynamic Starling mechanism) was increased with exercise training. The magnitude of beat-to-beat changes in SV in response to changes in LV preload is mainly determined by the relationship between aortic flow and pressure. Thus, the PSD of SV index in dynamic Starling mechanism conceptually reflects pulsatile loading. Central arterial stiffening and peripheral vascular resistance leading to increased risk of cardiovascular mortality and morbidity have been observed in sedentary elderly adults. 6 Regular exercise training is one favorable strategy to prevent arterial stiffening. We have previously shown that aortic stiffening with aging was not improved even after 1 year of progressive endurance exercise training in previously sedentary seniors. 6 Interestingly, the current results suggest that vigorous lifelong exercise training minimizes the impairment of the output variability in dynamic Starling mechanism with ageing. The reduced PAD variability (input signal) reflects better LV compliance and pressure variability from the influence of the respiratory bellows; in contrast, increased SV variability (output signal) reflects improved ejection and arterial compliance. The dynamic Starling mechanism links these 2 facts. Indeed, as supportive findings, we observed that LV stiffness and transmural stiffness index were greater, and Ea and cf-PWV were lower in committed and competitive exercisers than in sedentary subjects in the time domain (Table 3) . 7 These data using completely different techniques are highly concordant with our previously reported data showing the some dose-response relationship with LV ventricular and myocardial stiffness, 7, 11 and support the conclusion that 4 to 5 days per week of exercise over a lifetime is optimal for cardiovascular structure and function.
A descriptive summary of these findings are highlighted in the Figure 4 , which illustrates that the slope of end-diastolic pressure-volume relationship and Ea is less steep in lifelong vigorous exercisers than those in sedentary seniors. In addition, the end-diastolic pressure-volume relationship in lifelong vigorous exercisers is shifted to the right. 26 The LVEDV and LVESV are greater in lifelong vigorous exercisers than those in sedentary seniors. Ultimately, SV in the lifelong vigorous exercisers is greater than that in the sedentary seniors. Assuming that the potential energy of both groups does not change, the external work (stroke work) is greater in lifelong vigorous exercisers and the ventricular-arterial coupling point is shifted rightward. This finding demonstrates that the rightward shift in the ventricular-arterial coupling point with greater LV compliance may lead to 
Potential Underlying Mechanisms
There are 3 essential cardiac properties that can influence the dynamic Starling mechanism and ultimately contribute to the efficient generation of SV: (1) diastolic compliance, (2) systolic contractile function, and (3) arterial stiffness. 27, 28 LV diastolic stiffness increases with greater concentrations of collagen type 1 in the extracellular matrix and cardiomyocytes. 29, 30 With aging, degradation of collagen type 1 is decreased because of the downregulation of matrix metalloproteinases and upregulation of tissue inhibitor of matrix metalloproteinases. 31 Additionally, titin, the giant elastic cytoskeletal protein, can elevate the stiffness of cardiomyocytes. 32 Titin has 2 major isoforms: N2B and N2BA. The ratio of these isoforms and their phosphorylation state determine LV passive stiffness. [33] [34] [35] Concurrently, aortic stiffening, an important determinant of LV afterload, is increased by the increasing ratio of collagen and elastin in the vessel wall. 36 Our study confirms the observations that lifelong exercise training can prevent the adverse cardiovascular remodeling and preserves LV function as shown by the increased transfer function gain of PAD-SV index.
8,9
Implications for Preserving Youthful Dynamic Starling Mechanism
We have previously demonstrated that maintaining a physically active lifestyle prevents LV and vascular stiffening. 7, 11 However, little is known about the cumulative effects of different doses of exercise and how this will impact cardiovascular function. The dynamic Starling mechanism is impaired in sedentary aging and heart failure with preserved ejection fraction (HFpEF) patients, 6, 10 meaning inefficient ventricular-arterial coupling, which contributes to reduce forward output and pulmonary congestion. The present study further extends these data and provides new knowledge by revealing that lifelong endurance training can preserve the dynamic Starling mechanism, which may be attributed to the improvement of both LV and arterial compliance. Our findings may be applicable for the prevention of age-related cardiovascular disorders such as HFpEF. LV compliance and distensibility are reduced in HFpEF patients, and unfortunately there are no pharmacological agents that can improve symptoms or the prognosis of HFpEF. 37 ,38 
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Study Strengths and Limitations
This study enrolled older adults largely from the CCLS who had been longitudinally tracked by a detailed history of exercise training and cardiovascular disease risk factors for >25 years. 15 The CCLS cohort is well characterized and has a high level of internal validity. In addition, transfer function analysis in this study is a novel approach to assess the efficiency between input and output time-varying hemodynamic system, such as the Starling mechanism. 23, 39 This study has several limitations. First, SV was measured indirectly using the Model Flow method, which has been validated, 10, 12, 39 and the noninvasive nature of this measurement allows the bedside monitoring of beat-by-beat SV changes. Second, the absolute value of PAD is not equivalent to PAWP or LVEDP. However, PAD is considered to be a suitable surrogate as shown by a strong positive linear relationship between PAWP and PAD, and it tracks changes in LV filling pressure quite well. 12 Third, this is a cross-sectional study and, as such, inferences about cause and effect must be made with caution. Baseline characteristics before exercise exposure are not known and may not have been balanced between the different strata, and this study does not account for exercise intensity on the cardiovascular benefits of regular exercise. High intensity exercise has been shown to confer cardiovascular benefits above and beyond moderate intensity exercise. 40, 41 However, a lifelong exercise training study is difficult to conduct, and our study participants were well-characterized based on longitudinal observations.
Conclusions
Ventricular-arterial coupling, as assessed by the dynamic Starling mechanism, is improved with increasing dose of lifelong endurance training. Based on our findings, the optimal dose of lifelong endurance exercise for improving cardiovascular structure and function in late life appears to be ≥ 4 to 5 exercise sessions per week or more. The successful participation in lifelong exercise may maintain an efficient dynamic Starling mechanism, LV compliance, and arterial compliance in older adults and prevent the pathogenesis of age-related cardiovascular conditions such as HFpEF.
ARTICLE INFORMATION
